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Background: A new SNCA mutation, H50Q, has been linked to familial Parkinson disease (PD).
Results: The H50Q mutation does not affect the structure, membrane binding, or subcellular localization of a-Syn but alters its

pathogenic properties.

Conclusion: The H50Q mutation increases a-Syn aggregation, secretion, and extracellular toxicity.
Significance: a-Syn mutations contribute to the pathogenesis of PD via multiple mechanisms.

Over the last two decades, the identification of missense
mutations in the a-synuclein (a-Syn) gene SNCA in families
with inherited Parkinson disease (PD) has reinforced the central
role of a-Syn in PD pathogenesis. Recently, a new missense
mutation (H50Q) in a-Syn was described in patients with a
familial form of PD and dementia. Here we investigated the
effects of this novel mutation on the biophysical properties of
a-Syn and the consequences for its cellular function. We found
that the H50Q mutation affected neither the structure of free or
membrane-bound a-Syn monomer, its interaction with metals,
nor its capacity to be phosphorylated in vitro. However, com-
pared with the wild-type (WT) protein, the H50Q mutation
accelerated a-Syn fibrillization in vitro. In cell-based models,
H50Q mutation did not affect a-Syn subcellular localization or
its ability to be phosphorylated by PLK2 and GRK6. Interest-
ingly, H50Q increased a-Syn secretion from SHSY5Y cells into
culture medium and induced more mitochondrial fragmenta-
tion in hippocampal neurons. Although the transient overex-
pression of WT or H50Q did not induce toxicity, both species
induced significant cell death when added to the culture
medium of hippocampal neurons. Strikingly, H50Q exhibited
more toxicity, suggesting that the H50Q-related enhancement
of a-Syn aggregation and secretion may play a role in the extra-
cellular toxicity of this mutant. Together, our results provide
novel insight into the mechanism by which this newly described
PD-associated mutation may contribute to the pathogenesis of
PD and related disorders.
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a-Synuclein (a-Syn)* is a 140-residue natively unfolded pro-
tein that is abundantly expressed at the presynaptic terminals
(1). Although its physiological functions are not fully known,
a-Syn has been implicated in the regulation of synaptic trans-
mission (1) and dopamine biosynthesis (2). Accumulating evi-
dence from neuropathological, animal models, and cell-based
studies supports the hypothesis that increased a-Syn expres-
sion, misfolding, oligomerization, and fibril formation play cen-
tral roles in the pathogenesis of neurodegenerative disorders
that are collectively referred to as synucleinopathies and
include Parkinson disease (PD), PD with dementia, dementia
with Lewy bodies, and multiple system atrophy.

In addition to the neuronal degeneration in different brain
regions, synucleinopathies are characterized by the presence of
intraneuronal inclusions called Lewy bodies and Lewy neurites
of which aggregated forms of a-Syn represent the main constit-
uent (3, 4). During the last two decades, three missense muta-
tions linked to familial forms of PD have been identified in the
gene encoding a-Syn: A30P (5), E46K (6), and A53T. Subse-
quent studies in vitro and in vivo revealed that these mutations
influence the physiological properties of @-Syn and enhance its
oligomerization, fibril formation, and toxicity (7-9).

Recently, two independent groups reported a novel mutation
in SNCA encoding a histidine-to-glutamine substitution
(H50Q) in patients with a familial form of PD and dementia
(10-12). This new PD-linked «-Syn mutation is associated with
late onset parkinsonism (60 — 63 years), and the patients exhibit
neuropathological features similar to those observed in carriers
of the E46K or A53T mutation, notably the rapidly progressive
course of motor symptoms and dementia. Although the mech-

“The abbreviations used are: a-Syn, a-synuclein; PD, Parkinson disease;
ThT, thioflavin T; POPG, 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glyc-
ero-3-phospho-(1'-racemic glycerol); PRE, paramagnetic relaxation en-
hancement; HSQC, heteronuclear single quantum coherence; SUV, small
unilamellar vesicle; AFM, atomic force microscopy; APTES, (3-aminopro-
pyl)triethoxysilane; CM, conditioned medium; PI, propidium iodide;
ANOVA, analysis of variance; PLK3, Polo-like kinase 3; CK1, casein kinase 1.
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anism through which the H50Q mutation causes familial PD
remains unexplored, the location of the mutated residue (His-
50) in the proximity of the short protein loop connecting the
two a-helices of the lipid vesicle-bound state suggests that it
may affect the conformational properties of a-Syn. His-50 par-
ticipates in Cu(II) binding through its imidazole group, suggest-
ing that the mutation at this residue may alter a-Syn metal
binding in a way that increases the pathogenicity of the protein
(13). Together, these observations suggest that the new PD-
linked H50Q mutation could significantly affect the structural,
aggregation, and physiological properties of a-Syn in ways that
may contribute to accelerating neuron loss and the develop-
ment of PD.

In this study, we set out to determine the effect of the H50Q
mutation on the structure, aggregation, fibril formation, and
membrane binding of monomeric a-Syn in vitro using nuclear
magnetic resonance (NMR), circular dichroism (CD), and a
battery of imaging and aggregation assays. To determine how
this mutation influences the pathophysiological properties of
a-Syn, we examined its effect on a-Syn subcellular localization,
secretion, toxicity, and phosphorylation at different residues
including Ser-87, Ser-129, and Tyr-125.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant o-Syn—
BL21(DE3) cells transformed with a pT7-7 plasmid encoding
WT human a-Syn or H50Q mutant were freshly grown on an
ampicillin agar plate. Then a single colony was transferred to 50
ml of LB medium with 100 pg/ml ampicillin (AppliChem,
Darmstadt, Germany) and incubated overnight at 37 °C with
shaking (preculture). The next day, the preculture was used to
inoculate 2—4 liters of LB/ampicillin medium. When the
absorbance at 600 nm (A,,,) of the cultures reached 0.7-0.8,
protein expression was induced with 1 mwm isopropyl B-p-1-
thiogalactopyranoside (AppliChem), and the cells were further
incubated at 37°C for 4 h before harvesting by centri-
fugation at 5000 rpm in a JLA 8.1000 rotor (Beckman Coulter,
Bear, CA) for 20 min at 4 °C. Lysis was performed on ice by
resuspending the cell pellet in 40 mm Tris acetate buffer, pH 8.3
containing 1 mMm EDTA and 1 mm phenylmethylsulfonyl fluo-
ride (PMSF). Cells were then ultrasonicated (VibraCell
VCX130, Sonics, Newtown, CT) with an output power of 12
watts applied in 30-s pulses between 30-s pauses for a total
ultrasonication time of 5 min. Cell debris was then pelleted by
centrifugation at 20,000 rpm in a JA-20 rotor (Beckman
Coulter) for 20 min at 4 °C. The supernatant was then boiled at
100 °C in a water bath for 10 min to precipitate most cellular
proteins, which were removed by a second centrifugation step
(JA-20 rotor, 20,000 rpm, 4 °C, 20 min). Lysates were finally
filtered through 0.45-um membranes and applied at 1 ml/min
on a HiPrep 16/10 Q FF anion-exchange column connected to
an AKTA FPLC system (GE Healthcare) and equilibrated with
20 mM Tris, pH 8.0. a-Syn was eluted at 3 ml/min by applying
increasing concentrations of up to 1.0 M NaCl in 20 mm Tris, pH
8.0 using a linear gradient applied over 10 column volumes.
a-Syn eluted around 300 mm NaCl. a-Syn-enriched fractions
(as determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)/Coomassie Blue analysis) were
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then pooled and further purified by gel filtration chromatogra-
phy using a HiLoad 26/60 Superdex 200 column (GE Health-
care) equilibrated with a solution of 50 mm Tris, pH 7.5 and 150
mM NaCl. Proteins were eluted at 2 ml/min; pure fractions were
combined and dialyzed against deionized water at 4 °C using a
7-kDa-cutoff dialysis membrane. The protein was subsequently
purified by reversed-phase high performance liquid chroma-
tography (HPLC) on a C, preparative column (Proto 300 C,,
20-mm inner diameter X 250 mm, 10-um average bead diam-
eter) with a linear gradient of 20—-70% B in solvent A over 30
min at a flow rate of 15 ml/min (solvent A was water and 0.1%
TFA, and solvent B was acetonitrile and 0.1% TFA). Pure frac-
tions were combined, lyophilized, and stored at —20 °C under
inert atmosphere until use. The purity of the proteins was ver-
ified by SDS-PAGE, electrospray ionization MS, and reversed-
phase ultrahigh performance liquid chromatography.

In Vitro Fibrillization Assay—H50Q and WT «a-Syn were
incubated at concentrations in the range of 5-45 uM in an
initial volume of 800 ul under constant agitation at 1000 rpm
for up to 120 h at 37 °C. ThT fluorescence reading was carried
out with a ThT concentration of 10 uMm and a protein concen-
tration of 1.5 uMm in a volume of 70 ul in a pH 8.5 buffer con-
taining 50 mM glycine. A Bucher Analyst AD plate reader was
used to measure ThT fluorescence at an excitation wavelength
of 450 nm and an emission wavelength of 485 nm. Aliquots
taken at different time points were measured in triplicate. ThT
kinetic plots were analyzed by nonlinear regression using the
following model (14).

Fax — F
F(t) = Fo+ — (Eq. 1)
1+ e*<f>
where F, is the initial ThT fluorescence baseline and F,, is the

final ThT fluorescence plateau. Apparent fibril growth rates
were calculated as k,,, = 1/7. Fibrillization assays were also
monitored by analyzing soluble protein content. To determine
the amount of remaining soluble protein, we performed sedi-
mentation assays as follows. 20-ul aliquots withdrawn at differ-
ent time points were centrifuged at 20,000 X gfor 10 minat4 °C
to pellet insoluble aggregates, and then 10 ul of the supernatant
was mixed with 10 ul of 2X Laemmli sample buffer (60 mm Tris,
pH 6.8, 3.6% (w/v) SDS, 20% (v/v) glycerol, 713 mm 2-mercap-
toethanol, 0.004% (w/v) bromphenol blue). 10 ul of the mixture
was loaded on 15% polyacrylamide-SDS gels, which were
stained with a Coomassie Blue R-250 solution. The relative
amounts of soluble protein with respect to the initial conditions
were determined by densitometry analysis of the scanned gels
with NIH Image] (Bethesda, MD). Protein solubility time
courses were also fitted with a sigmoidal function.
Preparation of Crude WT and H50Q o-Syn—Recombinant
WT or H50Q a-Syn was dissolved in a Tris/NaCl solution (50
mM Tris, pH 7.4, 100 mm NaCl). The protein solution was fil-
tered through a 100-kDa filter to remove small aggregates that
might form. The concentration was measured by UV absorp-
tion and adjusted with Tris buffer (50 mm Tris, pH 7.4, 100 mm
NaCl) to a final concentration of 360 um. The crude WT or
H50Q a-Syn mixture was formed by incubating 70 ul of -Syn
solution (360 wM) under constant agitation (1000 rpm)
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(Thriller thermoshaker, PEQLAB Ltd., Germany) at 37 °C for
24 h.

Transmission Electron Microscopy—Aliquots taken at vari-
ous time points were analyzed by transmission electron micros-
copy. From each sample, 5 ul was spotted on Formvar/carbon-
coated 200 mesh copper grids (Electron Microscopy Sciences).
The grids were washed twice with 5 ul of ultrapure water, then
stained twice with 5 ul of an aqueous 2% (w/v) uranyl formate
solution (Electron Microscopy Sciences), and finally vacuum-
dried from the edges of the grids. Grids were imaged using a
Tecnai Spirit BioTWIN electron microscope operated at 80 kV
with a LaB, source. Digital micrographs were recorded with a
4096 X 4096 FEI Eagle charge-coupled device camera (FEI,
Hillsboro, OR).

Gel Filtration Chromatography/Static Light Scattering—
Samples (100 ul) were applied at 30 um onto a Superdex 200
10/300 GL column equilibrated with 50 mm Tris, 150 mm NaCl,
and 0.05% (w/v) NaN;, pH 7.5 and eluted at 0.4 ml/min using an
Agilent 1200 series HPLC pump (Agilent, Santa Clara, CA).
Proteins were detected by monitoring the absorbance at 280
nm (Agilent 1200 VWD). Absolute molecular weights were
determined by static light scattering using a Wyatt Dawn
Heleos II multiangle light scattering detector (Wyatt Technol-
ogy Europe GmbH, Dernbach, Germany) connected in series
with the UV detector. The protein concentration data used to
obtain molecular weights from light scattering data (using the
Zimm model) were derived from either refractive index meas-
urements (Wyatt Optilab rEX connected downstream of the
light scattering detector) or UV measurements (Agilent 1200
VWD upstream of the light scattering detector). Interdetector
delays and band-broadening effects were corrected using the
Astra 5.3 analysis software (Wyatt Technology Europe GmbH).

Circular Dichroism Measurements—Protein samples (di-
luted to 10 um with water when required) in pH 7.5 phosphate
buffer were analyzed either alone or mixed with large unilamel-
lar lipid vesicles using the following protein:lipid mass ratios:
1:0.5,1:2, 1:5, and 1:10. Samples were analyzed at room temper-
ature using a Jasco J-815 CD spectrometer. An average of 10
spectra was collected in the range of 195-250 nm using a 1.0-
mm-optical path length quartz cuvette. Data points were
acquired every 0.2 nm in the continuous scanning mode at a
speed of 50 nm/min with a digital integration time of 2 s and a
bandwidth of 1 nm. Processed spectra were obtained by sub-
tracting the baseline signal due to the buffer and cell contribu-
tion from the protein spectra, and a final smoothing was applied
(Savitzky-Golay filter; convolution width of 25 data points). For
the preparation of large unilamellar vesicles, the negatively
charged phospholipid 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phospho-(1'-racemic glycerol), denoted 16:0—
18:1 phosphatidylglycerol and hereafter referred to as POPG,
was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Vesicles were prepared using the extrusion method. Briefly,
phospholipids in chloroform were dried using an argon stream
to form a thin film on the wall of a glass vial. Any remaining
chloroform was removed by placing the vial under vacuum
(<0.05 millibar) overnight. The phospholipids were then
resolubilized in phosphate buffer to their final concentrations
by brief sonication. The solution was then extruded through
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Avestin LiposoFast™ (Avestin Inc., Ottawa, Ontario, Canada)
(membrane pore size, 100 nm) as described previously (15).

NMR Experiments—Isotopically labeled a-Syn H50Q was
produced as reported previously (16). The H50Q mutation was
introduced into the WT or E20C a-Syn plasmid using a Strat-
agene site-directed mutagenesis kit (Agilent Technologies,
Switzerland). Escherichia coli BL21(DE3) cells expressing the
a-Syn H50Q plasmid were first grown in rich medium and then
transferred to minimal medium containing either '°N-labeled
ammonium chloride or '*N-labeled ammonium chloride and
13C-labeled glucose for production of '*N-labeled or '°N-,'*C-
labeled protein, respectively, before induction (17). After pro-
tein expression, bacteria were lysed by sonication, and the
lysate was either directly used for NMR experiments (free-state
HNCA) or subjected to further purification viaammonium sul-
fate precipitation, anion-exchange chromatography, reversed-
phase HPLC, and lyophilization (all other NMR experiments).
The use of cell lysates for NMR experiments takes advantage of
the high NMR signal arising from overexpressed and dynamic
synuclein to save time and avoid the possible effects of purifi-
cation methods.

NMR experiments were carried out on a Varian Inova 600-
MHz spectrometer, a Bruker Avance 800-MHz spectrometer,
and a Bruker Avance 900-MHz spectrometer, all equipped with
cryogenic probes. All experiments were carried out at 10 °C
except for SDS-containing samples, which were collected at
40 °C. In all cases, dissolved lyophilized protein was filtered
through 100-kDa-cutoff centrifugal filters prior to preparing
NMR samples. Protein concentrations were ~200 uMm in the
samples for HNCA and paramagnetic relaxation enhancement
(PRE) experiments, ~100 uM in the samples for lipid binding
and iron and zinc binding experiments, and ~70 uM in the
samples for copper binding experiments. Backbone amide
assignments were transferred from previously published WT
assignments (16, 18) for the free and SDS-bound states of the
protein using HNCA experiments. The free-state HNCA was
collected from fresh lysate of cells overexpressing doubly
labeled a-Syn H50Q and had spectral widths of 12, 26, and 26
ppm in the 'H, *°N, and **C dimensions, respectively. The SDS-
bound HNCA was collected on lyophilized purified protein,
dissolved in NMR buffer (100 mm NaCl, 10 mm Na,HPO,, pH
6.8), and mixed with SDS to a final concentration of 40 mm. It
had spectral widths of 13,29, and 24 ppm in the 'H, *°N, and **C
dimensions, respectively.

PRE NMR experiments were carried out on a-Syn E20C/
H50Q. The lyophilized protein was dissolved in NMR buffer
and incubated with 10-fold excess of the paramagnetic spin
label S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate (Toronto Research Chemicals) to
effect conjugation of the spin label. Excess unbound spin label
was removed via a buffer exchange column, and the sample was
split into paramagnetic (+H,0O) and diamagnetic (+2 mm
DTT) samples. The intramolecular PRE effect was assayed by
comparing cross-peak intensity in matched "H/"®N HSQC
spectra of paramagnetic and diamagnetic samples.

Lipid binding was assayed by comparing cross-peak intensity
in matched "H/"*N HSQC spectra of lipid-free and lipid-con-
taining (3 mm 15% 1,2-dioleoyl-sn-glycero-3-phosphoserine
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(DOPS), 25% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 60% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
small unilamellar vesicle (SUV)) samples of a-Syn H50Q. SUVs
were prepared by mixing chloroform-dissolved lipids, drying
under nitrogen, resuspending in NMR buffer, sonicating, and
clarifying by ultracentrifugation. Lyophilized a-Syn H50Q was
dissolved in NMR buffer and mixed with SUV stock solutions.
Binding to Cu(II) was also assayed by comparing cross-peak
intensity in matched '"H/"N HSQC spectra of metal-free and
metal-containing (final CuCl, concentrations, 70, 140, and 280
um) samples of a-Syn H50Q. Binding to Fe(III) and Zn(II) was
assayed by measuring chemical shift differences between
matched "H/*N HSQC spectra of metal-free and metal-con-
taining (final FeCl; and ZnSO,, concentrations, 1 mm) samples
of WT and H50Q «-Syn. Metal ion solutions were prepared in
20 mM PIPES, 20 mm NaCl, pH 6.8 and mixed with lyophilized
a-Syn H50Q dissolved in the same buffer following published
protocols (18).

Atomic Force Microscopy Imaging—Aggregated a-Syn sam-
ples for atomic force microscopy (AFM) studies were prepared
by incubating a 45 uMm «-Syn solution at 37 °C with shaking at
400 rpm. The starting material was prepared as described above
(i.e. including a filtration step through 100-kDa-molecular
mass cutoff filters). Analysis by AFM was performed on two
differently charged substrates: freshly cleaved negatively
charged mica and positively functionalized mica. In the latter
case, after the cleaving, the mica substrate was incubated with a
10-ul drop of 0.05% (v/v) (3-aminopropyl)triethoxysilane
(APTES; Fluka) in Milli-Q water (Millipore, Switzerland) for 1
min at room temperature, rinsed with Milli-Q water, and then
dried by the passage of a gentle flow of gaseous nitrogen. AFM
samples were prepared at room temperature by deposition of a
10-ul aliquot in the following manner. For bare mica surfaces, a
diluted protein sample (0.5 uMm) was deposited on the surface
and incubated for 1 min. In the case of APTES-functionalized
surfaces, an undiluted sample (45 um) was deposited and incu-
bated for 10 min. AFM images were acquired on two instru-
ments in ambient conditions: a Nanoscope Illa (Bruker) oper-
ating in tapping mode and equipped with an antimony (type
n)-doped silicon tip (Bruker, MPP-12120-10, 5 newtons m ')
with a nominal radius of 8 nm and a Park NX10 operating in
true non-contact mode and equipped with a silicon tip (Nano-
sensor, PPP-NCHR, 40 newtons m ™~ !) with a nominal radius of
7 nm. The first microscope was used to monitor the entire
fibrillation process and in particular the early stages, whereas
the second was used to consistently compare the morphology of
fibrils after 6 days. Image flattening and analysis were per-
formed by SPIP (Image Metrology, Hersholm, Denmark)
software.

In Vitro Phosphorylation Assay—H50Q or WT a-Syn (6 um)
was incubated in a solution of 50 mm Tris pH 7.5, 10 mm DTT,
1 mM ATP, and 1 mm MgCl, in the presence of 0.42 ug (1 ul) of
Polo-like kinase 3 (PLK3) (Invitrogen) in a total volume of 50 ul.
For the phosphorylation by casein kinase 1 (CK1), 6 um protein
was incubated in 1X CK1 buffer supplemented with 1 mm ATP
and 1000 units of CK1 (1 pl) in a final volume of 50 ul. Phos-
phorylation assays using the SYK kinase were conducted as
described previously (19). The extent of phosphorylation was
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monitored by matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectroscopy and Western blot-
ting using anti-Ser(P)-87 (20), -Ser(P)-129 (pSyn 64, Wako),
-Tyr(P)-125 (BD Transduction Laboratories), and -Tyr(P)-133
(BD Transduction Laboratories) antibodies.

Mammalian Cell Culture—HEK cells were maintained in
GlutaMAX-pyruvate-DMEM (Invitrogen) containing 10% fetal
bovine serum (FBS; Invitrogen), 100 wg/ml streptomycin, and
100 units/ml penicillin (Invitrogen).

M17 cells were maintained in a nutrient mixture composed
of 50% GlutaMAX-pyruvate-DMEM and 50% F-12 (Invitrogen)
supplemented with 10% FBS, 100 wg/ml streptomycin, and 100
units/ml penicillin. HEK cells were transiently transfected
using the standard calcium phosphate transfection protocol
(21). HeLa and M17 cells were transfected with Effectene (Qia-
gen, Switzerland) following the manufacturer’s instructions.

a-Syn Phosphorylation in Mammalian Cell Lines—HEK cells
were transiently co-transfected with 1 ug of @-Syn and 0.5 ug of
PLK2 or GRK6 using the standard calcium phosphate transfec-
tion protocol. Cells were harvested 24 h post-transfection and
lysed in 20 mm Tris base, pH 7.4 containing 150 mm NaCl, 1 mm
EDTA, 0.25% Nonidet P-40, 0.25% Triton X-100, and 1 mm
PMSEF (Sigma) and 1:200-diluted protease inhibitor mixture
(Sigma). Insoluble particles were pelleted by centrifugation at
14,000 X g for 20 min at 4 °C. Cleared lysates were collected,
and the total amount of protein in the supernatant was esti-
mated with the BCA protein assay kit from Thermo Scientific
(Switzerland) according to the manufacturer’s instructions.
Proteins diluted in 5X Laemmli buffer (300 mm Tris, pH 6.8,
60% (v/v) glycerol, 18% (w/v) SDS, 3.56 M 2-mercaptoethanol,
0.02% (w/v) bromphenol blue) were separated by 15% SDS-
PAGE and transferred onto nitrocellulose membranes (Fisher
Scientific). Membranes were blocked in Odyssey blocking
buffer (LI-COR Biosciences GmbH, Germany) diluted 1:3 in
phosphate-buffered saline (PBS) for 30 min and then incu-
bated with the appropriate antibodies. Specific signals were
revealed by the LI-COR Odyssey infrared scanner. The level
of phosphorylated protein was estimated by measuring the
Western blot band intensity using NIH Image] and normal-
ized to a-Syn and actin as follows: Ser(P)-129/(«-Syn/actin).
Detection of the overexpressed kinases was performed using
anti-PLK2 (Santa Cruz Biotechnology) and anti-GRK6
(Santa Cruz Biotechnology).

Subcellular Fractionation—HEK293T cells for subcellular
fractionation experiments were plated in 6-well plates. The
cells were then transfected with plasmids encoding WT or
H50Q a-Syn. Cells were harvested 24 h post-transfection and
fractionated as described previously (22). Briefly, the cells were
sequentially fractionated using a ProteoExtract® subcellular
proteome extraction kit (Calbiochem) to generate the cytosolic,
membrane-enriched, and nuclear fractions. The purity of the
fractions was further validated by assessing the expression level
of housekeeping proteins specific for each fraction (PARP1a for
the cytosolic fraction GRP78 membrane fraction and HSP90
and histone H1 for nuclear fractions).

Preparation of Conditioned Medium (CM) and Quantifica-
tion of a-Syn Secretion—The cells were cultured and trans-
fected as described above. The cell culture medium was
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replaced with fresh medium containing 2% FBS and 1% penicil-
lin/streptomycin and incubated for 30 h at 37 °C in 5% CO,
starting 48 h post-transfection. The cell culture medium was
collected, and the cells were lysed as described above to assess
the expression of the endogenous protein. The cell culture
medium was sequentially centrifuged at 1000 and 10,000 X g for
5 and 30 min, respectively, to remove debris and dead cells. The
supernatant was concentrated 6 X using a 10-kDa-cutoff filter
(VivaSpin®), and an equal volume of each sample was resolved
by 15% polyacrylamide gel electrophoresis followed by Western
blot analysis.

Primary Culture of Hippocampal Neurons and Transfec-
tion—Hippocampal neurons were prepared from P1 mice pups
(Harlan Laboratories) as described previously by Steiner et al.
(23) and plated at a density of 350,000 cells/well on polylysine-
coated coverslips in growth medium (minimum Eagle’s
medium with 20 mm glucose, 0.5 mm glutamine, 100 units/ml
penicillin, 100 ug/ml streptomycin, and 10% horse serum).

For neuronal transient transfection, 10-day in vitro neurons
were transfected using Lipofectamine™™ 2000 reagent (Invitro-
gen) with 0.5 ug of a subcellular localization vector encoding
fluorescent YFP fused with the mitochondrial subunit VIII of
human cytochrome ¢ oxidase (YFP-mito) (BD Biosciences) in
combination with 0.5 pug of empty plasmid, WT a-Syn, or
H50Q a-Syn following the manufacturer’s instructions. To
enhance mitochondrial fragmentation, neurons transfected
with YFP-mito were incubated for 2 h with 1 uMm staurosporine
(Merck4Biosciences, Germany).

Treatment of M17 Cells and Primary Hippocampal Neurons
with Recombinant o-Syn—Aggregated (crude) WT a-Syn or
H50Q a-Syn was diluted to a final concentration of 10 um in
preheated culture medium. The original culture medium
was removed from the cells (M17 or primary hippocampal
neurons) and replaced by medium spiked with recombinant
a-Syn. Cells were then incubated (37 °C, 5% CO,) for 4
(M17) or 6 days (primary hippocampal neurons) before cell
death quantification.

Quantification of Cell Death in Mammalian Cell Lines—The
percentage of the cell population permeable to the vital dye
propidium iodide (PI) (Invitrogen) was used to quantify cell
death in HeLa and M17 cells transfected with either WT a-Syn
or H50Q «-Syn or directly treated with extracellular recombi-
nant a-Syn. The supernatant and adherent cells were collected
separately at 24, 48, and 72 h post-transfection. After 5 min of
centrifugation at 250 X g, cells were resuspended in PBS con-
taining PI at 5 ug/ml. The cells were then analyzed using fluo-
rescence-activated cell sorting (FACS) (Accuri, BD Biosci-
ences). Flow cytometry data were analyzed with FlowJo
software (TreeStar).

Quantification of Cell Death in Primary Hippocampal
Neurons—The percentage of the cell population permeable to
the vital dye SYTOX Green (dead cell stain; Invitrogen) was
used to quantify cell death in primary hippocampal neurons.
After 6 days of treatment with crude extracellular WT «-Syn or
H50Q a-Syn, SYTOX was added to primary hippocampal neu-
rons at a final concentration of 3 nM. The cells were incubated
for 30 min at 37 °C before being washed twice with PBS. The
total fluorescence of each well was measured by fluorescence
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top reading with excitation and emission wavelengths of 487
and 519 nm, respectively, using a Tecan Infinite M200 Pro plate
reader.

Immunofluorescence and FACS—HeLa cells and M17 cells
were fixed in 4% paraformaldehyde in PBS for 20 min at 4 °C at
24,48, and 72 h post-transfection. After a blocking step with 3%
bovine serum albumin in PBS, pH 7.6 with 0.1% Triton X-100
(PBS-T) for 30 min at room temperature, cells were incubated
with the mouse monoclonal anti-a-Syn primary antibody for
1 h at room temperature. Cells were rinsed five times in PBS-T
and then incubated with the secondary anti-mouse Alexa Fluor
488 antibody. Cells were washed five times in PBS-T and exam-
ined by FACS in the FI-1 channel. Flow cytometry data were
analyzed with Flow]Jo software.

For primary culture, at 48 h post-transfection, neurons were
fixed for 15 min at room temperature in a solution (pH 7.4)
containing 4% paraformaldehyde and 4% sucrose in PBS. Neu-
rons were then washed three times in MTBS buffer (66 mMm
NaCl, 100 mm Tris-HCI, pH 7.4) and incubated overnight at
4 °C with primary antibody in 3% bovine serum albumin, 0.3%
Triton X-100 in MTBS buffer. The day after, cultures were
rinsed three times in MTBS buffer and incubated with the sec-
ondary antibody for 2 h at room temperature. After three
washes in MTBS buffer, coverslips were mounted on glass
slides with DABCO medium and imaged with a Zeiss LSM700
upright confocal microscope.

Transfection of Differentiated SHSY5Y Cells and Preparation
of CM—SHSY5Y cells were cultured in 10-cm dishes and dif-
ferentiated with 10 ml of DMEM supplemented with 10% FBS,
1% penicillin/streptomycin, and 50 uM retinoic acid in a humid-
ified incubator at 37 °C. To maintain the cells in the differenti-
ated state, the growth medium was renewed every 2 days until
the day of experiment. The cells were then electroporated with
10 ug of DNA and kept at 37 °C for 48 h to allow optimal expres-
sion of the transgene.

At 48 h post-transfection, the cells were washed two times
with prewarmed DMEM and incubated for 18 h with fresh
DMEM without FBS. The culture supernatant was collected
and centrifuged at 1000 X g for 10 min at 4 °C to pellet cell
debris. The supernatant was centrifuged again at 10,000 X g for
15 min at 4 °C, and the CM was collected and processed imme-
diately for analysis by Western blot and enzyme-linked immu-
nosorbent assay (ELISA).

The cells were harvested and lysed in lysis buffer (1% Triton
X-100 in cold PBS supplemented with protease inhibitor mix-
ture (Sigma)). After 10 min of incubation on ice, the mixture
was centrifuged at 16,000 X g for 10 min at 4 °C. The superna-
tant (Triton-soluble fraction) was collected in a new, clean tube,
and the pellet was resuspended in 1X SDS loading buffer (Tri-
ton-insoluble fraction). The concentrations of the samples
were determined by BCA protein assay (Thermo Scientific),
and equal amounts of protein per sample were resolved by 12%
polyacrylamide gel electrophoresis and processed for Western
blot analysis.

To assess the membrane integrity, lactate dehydrogenase
cytotoxicity assays were performed in cell culture medium
using the lactate dehydrogenase cytotoxicity kit (Takara Bio
Inc., catalog number MK401) following the manufacturer’s
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instructions. Briefly, 20 ul of crude CM was diluted 5X in PBS
and incubated for 30 min at room temperature with equal
amounts of catalyst solution (diaphorase/NAD™) in the dark.
The enzymatic reaction was quenched with 2 N HCI, and its
absorbance was immediately quantified at 490 nm.

Total a-Syn ELISA—ELISAs for the detection of a-Syn in cell
culture medium were performed in 96-well plates (BD Biosci-
ences). The plates were coated with the capture antibody,
SYN-1, diluted 1:250 in 50 mm sodium carbonate buffer, pH 9.6.
The plates were brought to room temperature and washed four
times with 200 ul of wash buffer (PBS with 0.5% Tween 20) and
then filled with the blocking buffer (SuperBlock T20, Pierce,
catalog number 37516) for 1 h at room temperature with gentle
shaking (150 rpm). The plates were washed again four times
and incubated with 100 ul of samples diluted 1:5 in the blocking
solution for 1.5 h together with standards (serial dilutions of
recombinant a-Syn monomers from 100 ng/ml stock solution).
The plates were washed thoroughly four times with the washing
solution and incubated with 100 ul of biotinylated 274 antibody
(1 pg/ml) for 1.5 h. Excess detection antibody was removed by
washing four times with PBS-T. The plates were further incu-
bated for 1 h with 100 ul of Extravidin peroxidase (Sigma-Al-
drich) diluted 1:1500 in the blocking buffer. Finally, the
3,3",5,5'-tetramethylbenzidine substrate (Sigma-Aldrich) was
added to the wells and incubated for 10 min at room tempera-
ture with shaking (250 rpm), and the enzymatic reaction was
quenched with excess 2 N H,SO,. Absorbance was then read at
450 nm in an ELISA plate reader.

Statistical Analysis—The experiments were repeated three
times, yielding the same pattern of results. Statistical analysis
was performed using Student’s ¢ test. Samples were regarded to
have an equal variance unless the F-test returned a p value
<0.05. Data were regarded as statistically significant if the p
value was <0.05 based on the ¢ test (unpaired, two-tailed distri-
bution). In cases where multiple comparisons were performed,
statistical significance was assessed by one-way ANOVA fol-
lowed by a Tukey-Kramer post hoc test.

RESULTS

The H50Q Mutation Induces Little Perturbation of a-Syn
Structure and Oligomeric State in Solution—To determine
whether the H50Q mutation affects the biophysical properties
of a-Syn, we prepared recombinant WT and H50Q a-Syn and
purified both proteins to >98% as assessed by SDS-PAGE,
reversed-phase HPLC, and MALDI-TOF (data not shown).
Both WT and H50Q a-Syn behaved as unfolded proteins (in
phosphate buffer and in the absence of lipid vesicles) as deter-
mined by CD spectroscopy (Fig. 1A). Gel filtration chromatog-
raphy coupled to static light scattering measurements showed
that H50Q a-Syn behaved as a monomer and exhibited elution
and hydrodynamic properties similar to those of the WT pro-
tein. The measured molecular masses of both WT and H50Q
a-Syn were also consistent with that of monomers (WT, 13.3 +
0.27 kDa; H50Q), 13.2 * 1.05 kDa; Fig. 1B). Furthermore, both
proteins co-eluted on the Superdex 200 gel filtration column
(WT, V,, = 14.04 ml (¢ = 35.1 min); H50Q, V,. = 13.96 ml (¢ =
34.9 min); Fig. 1B), suggesting that the mutation did not signif-
icantly perturb the overall shape or size of the protein.
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To further investigate the effect of the H50Q mutation on the
conformational properties of a-Syn, we used NMR spectros-
copy. Fig. 1C shows an overlay of "H/"*N HSQC spectra for WT
and H50Q a-Syn. The corresponding plot of per residue chem-
ical shift differences for amide cross-peaks is shown in Fig. 1D.
These data show that structural differences in the free state
were limited to the few (*3) residues around the mutation site.
Furthermore, secondary structure propensities were evaluated
by a-carbon secondary shifts and show little perturbation from
the WT protein (Fig. 1E). In addition, the previously shown N-
to C-terminal contacts in WT «-Syn were preserved as
observed by PRE NMR experiments (Fig. 1F). Specifically, PRE
effects in the C-terminal tail of the protein are essentially unal-
tered in the H50Q mutant. Small local variations in PRE effect
in other regions (for example near positions 40, 50, and 80) are
estimated to be within the error of the experiment. Together,
these data strongly suggest that the H50Q mutation induces
little perturbation of a-Syn structure in solution.

WT and H50Q o-Syn Exhibit Similar Interactions with Neg-
atively Charged Lipids—Among the previously characterized
PD-linked mutations (A30P, E46K, and A53T), only A30P has
been shown to attenuate a-Syn interactions with negatively
charged phospholipids in vitro (24, 25), in cell culture (26), and
in vivo (27, 28). To investigate whether the H50Q mutation
could affect a-Syn membrane binding in vitro, we first per-
formed CD measurements of different mixtures of proteins and
artificial liposomes because a-Syn is known to adopt a-helical
conformations upon binding to lipid membranes (16). We
incubated recombinant WT or H50Q «-Syn with 100-nm-di-
ameter POPG unilamellar vesicles as a membrane model. Anal-
ysis of protein/lipid mixtures containing protein:lipid mass
ratios of 0.5:1 and 5:1, revealed that the canonical a-helix CD
signal of a-Syn increased with increasing concentration of lipid
vesicles with no significant difference between the WT protein
and the H50Q mutant (Fig. 2, A and B).

We then sought to investigate the effect of the H50Q muta-
tion on the lipid- and detergent-bound states of a-Syn in
greater detail using NMR techniques. Previous studies on the
lipid-bound state of a-Syn have used the anionic detergent SDS
asa membrane mimic (18, 29). Fig. 2C shows the "H/**N HSQC
spectra of WT and H50Q a-Syn in the presence of SDS micelles
(40 mMm SDS) showing no effect of the H50Q mutation on the
gross micelle-bound structure of the protein. However, minor
changes in NMR resonance positions were observed further out
from position 50 (+10 residues) than might be expected for a
single amino acid substitution (Fig. 2D). This may indicate
some effect on the N-terminal portion of the second micelle-
bound helix and the linker region between the two helices.
However, analysis of the secondary structure propensities via
a-carbon secondary shifts (Fig. 2E) showed no major difference
between WT and H50Q. We also investigated the 'H/'°N
HSQC profiles of both proteins in the presence of SUVs com-
posed of 15:25:60 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS):1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE):1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).
At a lipid:protein molar ratio of about 30:1, the binding profile
and extent of binding of H50Q a-Syn were similar to those of
the WT protein (Fig. 2F). Together, these results indicate that
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any effects that the H50Q mutation may exert on the interac-
tion of a-Syn with membranes are subtle at most.

The H50Q Mutation Accelerates a-Syn Fibril Formation in
Vitro—Previous studies have consistently shown that the PD-
linked mutations (A30P, E46K, and A53T) increase a-Syn olig-
omerization and fibril formation in vitro (7-9). To determine
whether the H50Q mutation affects a-Syn aggregation in vitro,
we compared the kinetics and extent of fibrillization by WT and
H50Q a-Syn at 37 °C under constant agitation over the concen-
tration range of 5-45 um. ThT binding kinetics performed on
aggregation experiments with various initial protein concentra-
tions (from 5 to 45 um; Fig. 3) showed that H50Q a-Syn had
slightly higher fibril formation rates compared with the WT
protein except at 45 uM where the differences between WT and
H50Q a-Syn were small (Fig. 3, A-D, black curves) The slightly
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faster aggregation kinetics of H50Q a-Syn were further dem-
onstrated by quantifying the remaining soluble protein at each
time point using an SDS-PAGE/Coomassie staining assay after
performing sedimentation assays. At all of the protein concen-
trations we used, H50Q a-Syn precipitated slightly faster than
the WT protein (Fig. 3, A-D, red curves). Similar to the ThT
binding data, the effect was generally rather small except when
the experiment was performed at a starting protein concentra-
tion of 20 um. Apparent fibril growth rates were quantified
from the ThT binding kinetics as described under “Experimen-
tal Procedures” and showed that H50Q «-Syn fibrillizes faster
than the WT protein at all concentrations except at 45 um;
however, differences in fibril growth rates were also not statis-
tically significant (Fig. 3F). Together, these results suggest that
H50Q a-Syn slightly accelerates a-Syn fibril formation.
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To further characterize the effect of the H50Q mutation on
a-Syn aggregation, we monitored the misfolding and oligomer-
ization of WT and H50Q a-Syn by CD spectroscopy and AFM.
CD spectra taken at different time points during the aggrega-
tion experiments at a starting protein concentration of 20 um
revealed that H50Q «-Syn transitioned toward S-sheet-rich
species faster than the WT protein (Fig. 44). After 36 h of incu-
bation, WT a-Syn shifted toward 3-structures, but random coil
signals remained prevalent, whereas H50Q a-Syn displayed a
signal consistent with a predominantly 3-sheet conformation.
At later time points (=72h), both proteins showed a fully
B-sheet character (Fig. 4A4). A similar behavior was observed
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when using a lower initial protein concentration (10 um; data
not shown).

We then used AFM to investigate whether the H50Q muta-
tion could affect the early stages of a-Syn oligomerization dur-
ing the aggregation process. Because it is negatively charged at
physiological pH, a-Syn has an affinity toward positively
charged surfaces. a-Syn aggregation was imaged on two sur-
faces, bare mica and mica treated with APTES. Bare mica has a
negatively charged surface in physiological solutions and a low
topographical roughness, allowing higher resolution imaging.
APTES-functionalized mica has a positively charged surface
but a higher surface roughness. Both surfaces were used to
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assess the aggregation of WT and H50Q a-Syn. At a low con-
centration of deposition (0.5 uM; i.e. low surface coverage), bare
mica was used because it is more suitable for the visualization
and statistical analysis of the single monomers. Freshly pre-
pared WT and H50Q «-Syn (initial concentration, 45 um)
diluted to 0.5 um and deposited on bare mica surfaces displayed
a mixture of monomeric and dimeric species as well as some
higher order oligomers (Fig. 4B). Monomers and dimers from
both a-Syn variants displayed similar average diameters and
heights (Fig. 4B), but H50Q a-Syn showed more elongated olig-
omeric structures than WT «-Syn (Fig. 4B). The height histo-
gram in Fig. 4B shows a first height population (monomers)
with an average height of 0.3 nm and a second population com-
posed by dimers with an average height of about 0.9 nm. These
dimers were always present for both WT and H50Q «-Syn with
a higher proportion of dimers in H50Q compared with WT
a-Syn (Fig. 4B). Although samples were freshly filtered through
100-kDa membranes (see “Experimental Procedures”), these
dimers quickly re-form after the filtration and might be depos-
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ited more efficiently than the monomers on the mica surface.
No larger species are detectable in significant proportions, thus
excluding the presence of large oligomers and/or protofibrils.
Because of the limit of the lateral resolution of the AFM tip, it is
not possible to obtain reliable lateral diameter estimation of the
particles. Thus, the larger structures seen with H50Q «-Syn
(Fig. 4B, panel b) correspond to closely associated monomers
and dimers in the x-y plane. Together, these data suggest faster
rates of B-sheet-rich oligomer formation for H50Q a-Syn com-
pared with its WT counterpart.

Next, we determined whether the structural properties of
mature a-Syn amyloid fibrils could be affected by the H50Q
mutation. After 6 days of incubation at 37 °C, the fibrils formed
by both proteins were observed by AFM on APTES-function-
alized mica surfaces (which are more suitable for a statistical
characterization of protofibrils and fibrils) (Fig. 5A, panels a
and e). H50Q a-Syn fibrillar structures were composed of
mainly two populations characterized by average heights of 4 =
0.4 and 6.2 * 0.5 nm, respectively (Fig. 54, panel c) and an
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average length of 80 = 30 nm (Fig. 54, panel d). Our group and
others reported previously that the height of a-Syn mature
fibrils is within the 6 —~9-nm range (30). Thus, it is likely that the
first population corresponded to protofilament species,
whereas the second one represented a more mature fibril spe-
cies but not the final state of a-Syn assembly because mature
a-Syn fibrils are composed of four protofilaments (31). Con-
versely, AFM images of WT «-Syn fibrils showed mainly a sin-
gle population with an average height of 4.8 * 0.5 nm (Fig. 54,
panels f—h), which is consistent with an abundant presence of
protofilaments and a paucity of mature fibrils. WT a-Syn fibril-
lar structures were also characterized by a broad length distri-
bution (150 = 70 nm; Fig. 5A, panels g and i). Transmission
electron micrographs revealed no major morphological differ-
ences between the fibrils formed by WT and H50Q «a-Syn at
early (24 h) or late time points (120 h) (Fig. 5B). In conclusion,
the H50Q mutation enhances the rate of a-Syn oligomerization
and fibrillization. The differences in the distribution of proto-
filaments and fibrillar species between the two proteins may
explain why the plateau amplitudes in the ThT binding assay
for H50Q and WT a-Syn were different.

The H50Q Mutation Does Not Affect a-Syn Interaction with
Metals at Sites Other than H50—Because the His-50 residue
has been implicated in the binding of Cu(II) and several other
metal ions (32), we also investigated how the H50Q mutation
affected the binding of several metals to a-Syn using NMR. For
Cu(II), we monitored the attenuation of amide cross-peaks (due
to increased relaxation when a paramagnetic moiety is bound)
when the proteins were incubated with increasing concentra-
tions of CuCl,. Fig. 64 shows a titration of a-Syn H50Q with
increasing concentrations of Cu(Il). Addition of Cu(Il) led to
amide cross-peak intensity decreases in several regions of the
protein, suggesting copper-protein interactions. The binding
profile for a-Syn H50Q was similar to the profile we reported
previously for the WT protein (Fig. 64) (18) with deep minima
at the N terminus, residue 20, residue 60, and residue 85 and
many minima in the C-terminal tail; the only obvious difference
was the expected loss of the His-50 binding site. In our previous
report, we examined the loss of copper coordination by the
His-50 residue by mutation to alanine; the resultant copper
binding profile of a-Syn H50A was very similar to that of a-Syn
H50Q (Fig. 6B). For Fe(III) and Zn(II), both proteins were incu-
bated in the presence of a 1 mm concentration of each metal ion,
and the difference in amide chemical shifts between metal-free
and metal-containing samples was measured. For Fe(III), inter-
action sites with WT «-Syn were observed in the C-terminal
region and at the N terminus to a lesser extent, and strong
binding was seen at His-50 (Fig. 6C). All of these sites (except
His-50) were retained at similar levels in the H50Q mutant (Fig.
6C). Zn(II) binding sites were stronger within the C-terminal
region as well as at a binding site around His-50 that was wider

than for Fe(III) (up to residue ~60 for WT «-Syn) (Fig. 6D).
This site was lost in the H50Q mutant, but the binding of Zn(II)
to the C-terminal region of H50Q a-Syn was also similar to that
of the WT protein (Fig. 6D).

The H50Q Mutation Does Not Affect a-Syn Phosphorylation
at Serine or Tyrosine Residues in Vitro or in a Cell-based
Assay—Phosphorylation at serine residues (Ser-87 and Ser-
129) has emerged as an important molecular switch for the
regulation of a-Syn conformation, aggregation, subcellular
localization, and clearance (33). To investigate the impact of the
H50Q mutation on a-Syn phosphorylation at these residues,
we performed an in vitro kinase assay by incubating recombi-
nant WT or H50Q a-Syn with PLK3. As we reported previously
(22), MALDI-TOF mass spectrometry and Western blot anal-
ysis revealed that PLK3 phosphorylated WT and H50Q a-Syn
exclusively at Ser-129 (Fig. 7, A and B). Moreover, the incuba-
tion with PLK3 induced a total conversion of both WT and
H50Q «-Syn toward the phosphorylated form (Fig. 74) (22).
Using another kinase that phosphorylates a-Syn at Ser-87 and
Ser-129 residues, CK1 (15), MALDI-TOF analysis revealed two
sites of phosphorylation, Ser-87 and Ser-129. This finding was
confirmed by Western blotting using a specific antibody raised
against these two residues (Fig. 7, A and C). In a cell-based assay,
the co-expression of WT or H50Q a-Syn with PLK2 or GRK6
(Fig. 8A) resulted in extensive phosphorylation of both proteins
at Ser-129. Interestingly, the quantification did not reveal any
effect of H50Q mutation on the extent of a-Syn phosphoryla-
tion (Fig. 8B).

We then extended our analysis to investigate the effect of
H50Q mutation on a-Syn phosphorylation at tyrosine residues.
Invitro incubation with SYK induced a-Syn phosphorylation at
multiple tyrosine residues (Fig. 7A). Western blot analysis dem-
onstrated that SYK phosphorylated WT and H50Q «-Syn at
Tyr-39, Tyr-125, and Tyr-133 (Fig. 7D). The H50Q mutation
did not affect SYK-mediated a-Syn phosphorylation at the
tyrosine residues.

We recently showed that PLK2 overexpression induces
clearance of a-Syn through the autophagy-lysosomal pathway
(34). To investigate whether the H50Q mutant could affect
PLK2-mediated a-Syn turnover, we co-overexpressed WT
a-Syn or H50Q a-Syn with PLK2 in HEK cells. Western blot
analysis and optical density quantification showed a similar
decrease in a-Syn after PLK2 overexpression, demonstrating
that H50Q mutation does not affect PLK2-mediated a-Syn
turnover (Fig. 8C). Together, these data indicate that H50Q
mutation does not affect a-Syn phosphorylation at serine or
tyrosine residues in vitro or in cell culture, nor does it affect
PLK2-mediated degradation of a-Syn.

H50Q and WT o-Syn Exhibit Similar Subcellular Localiza-
tions in Primary Culture and in Mammalian Cell Lines—The
position of histidine 50 close to the short protein loop connect-

FIGURE 5. Analysis of WT and H50Q a-Syn amyloid fibrils. A, AFM analysis of the morphology of fibrillar structures of H50Q (panels a- d) and WT a-Syn (panels
e-i) after 6 days of incubation deposited at high concentration (45 um) on APTES-functionalized mica. Panel a, overview of H50Q «-Syn fibrillar aggregates.
Panel b, details of H50Q protofibrils and fibrils with measurement of their cross-sectional dimensions and comparison with oligomer height. Panels c and d,
distribution of the average height and length of H50Q fibrillar structures. Panel e, overview of WT a-Syn fibrillar aggregates. Panel f, details of WT protofibrils and
fibrils and their cross-sectional dimensions. Panel g, high resolution scan of a WT protofibril and measurement of its cross-sectional dimensions. Panels h
and i, distribution of the average height and length of WT fibrillar structures. B, transmission electron microscopy analysis of negatively stained samples of WT
and H50Q «-Syn taken after 24 (top) or 120 h (bottom) of agitation at 37 °C. Scale bars, 200 nm. Av., average.
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ing the two a-helices suggests that the His — GIln mutation may
influence a-Syn interaction with membranes, which could alter
its subcellular localization (35). To further test this hypothesis
in a cellular context, we overexpressed WT or H50Q a-Syn and
evaluated their subcellular localization in primary hippocampal
neurons. The results shown in Fig. 9 reveal similar cytosolic and
membranous localization of the two proteins (Fig. 94). Similar
results were observed in a mammalian cell line where WT and
H50Q «a-Syn exhibited both cytoplasmic and membranous
localizations in HeLa cells, suggesting that the H50Q mutation
does not affect a-Syn subcellular localization (Fig. 9B). To rule
out the possibility that the cellular imaging analysis is not suf-
ficiently robust to reveal a difference in subcellular localization
between WT and H50Q a-Syn, we used a biochemical subcel-
lular fractionation assay that detects differences in membrane
binding among a-Syn mutants with different membrane affin-
ities (data not shown). Western blot and optical density analy-
ses showed that both WT and H50Q forms were mainly present
in the cytosolic and membrane fractions (Fig. 9C), and no dif-
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ferences were observed in a-Syn protein levels between WT
and H50Q in the different cellular fractions (Fig. 9D).

The H50Q Mutation Enhances a-Syn Secretion—Early stud-
ies from several research groups have provided strong evidence
for a-Syn cell-to-cell transmission iz vivo (36 —38) and in cell-
based assays (38 —41). Those findings suggest that this process
is essential for promoting the seeding and spreading of patho-
logical a-Syn in a prion-like manner. To assess the impact of
the novel H50QQ mutation on a-Syn secretion in neuronal cell
lines, we overexpressed WT or H50Q «-Syn in differentiated
SHSY5Y cells. WT and H50Q showed the same expression level
in the Triton X-100-soluble fraction, and no significant changes
in high molecular weight aggregates in the Triton-insoluble
fraction were observed (Fig. 10). Interestingly, analysis of the
CM derived from the cells expressing the H50Q mutation
showed a significant increase in secretion of a-Syn (Fig. 104) as
revealed by Western blot densitometry and sandwich ELISA
(Fig 10, Band C). Moreover, greater amounts of high molecular
weight aggregates were found in the CM with H50Q mutants
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FIGURE 7. In vitro phosphorylation of WT and H50Q «a-Syn by PLK2, CK1, and SYK. A, MALDI-TOF-MS analysis of the phosphorylation reaction
after 17-h incubation with PLK3, CK1, and SYK. The analysis demonstrated that WT and H50Q «-Syn are quantitatively phosphorylated at Ser-129 after
incubation with PLK3. Double (Ser-87 and Ser-129) and triple phosphorylations (Tyr-39, Tyr-125, and Tyr-133) were observed after a-Syn incubation with
CK1 and SYK, respectively. B-D, immunoblots of Ser(P)-129, Ser(P)-87, Tyr(P)-39, Tyr(P)-125, and Tyr(P)-133 a-Syn phosphorylated by PLK3, CK1, and

SYK.

than with the WT. To rule out the possibility that the H50Q
mutant was toxic to the cells during the time course of our
experiment, we evaluated cytotoxicity by monitoring the
release of lactate dehydrogenase in the cell culture medium.
Our data revealed no significant difference in lactate dehydro-
genase (Fig. 10D). It is worth noting that the evaluation of the
levels of secreted a-Syn relative to lactate dehydrogenase activ-
ity also revealed that H50Q in the conditioned medium is sig-
nificantly higher compared with the levels a-Syn WT, hence
confirming the enhanced secretion of a-Syn H50Q (data not
shown). All together, these data suggest that the H50Q muta-
tion causes increased secretion of both monomeric and aggre-
gated a-Syn by an unknown mechanism.
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The H50Q Mutation Exacerbates Neuronal Toxicity of Extra-
cellular a-Syn—Next, we sought to compare the potential tox-
icity of WT and H50Q «-Syn overexpressed in HeLa and M17
mammalian cell lines. Using the uptake of the vital dye PI as a
marker for membrane disruption and toxicity, we showed that
neither WT nor H50Q mutant overexpression induced toxicity
at 24, 48, or 72h post-transfection in comparison with the lucif-
erase-overexpressing control cells (Fig. 11, A and B). As a pos-
itive control, the overexpression of BAX, a proapoptotic pro-
tein, was used to induce time-dependent cell death (Fig. 11, A
and B). These data are in accordance with the results using the
lactate dehydrogenase release in differentiated neuroblastoma
(Fig. 10D).
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FIGURE 8. Cell-based phosphorylation and degradation of a-Syn. A, PLK2-
and GRK6-mediated phosphorylation in cell culture. HEK cells were trans-
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collected 24 h post-transfection. B, Ser(P)-129/a-Syn ratio shows that WT and
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a-Syn are both degraded after PLK2 overexpression. Western blotting and
optical density quantification revealed that PLK2 overexpression induces a
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means = S.D. An ANOVA test followed by a Tukey-Kramer post hoc test was
performed. **, p < 0.01 (presence versus absence of the kinase). A.U., absor-
bance units.

Then, motivated by the enhanced secretion of H50Q a-Syn,
we sought to assess the toxicity of extracellular a-Syn by the
addition of a crude mixture of aggregated recombinant WT or
H50Q a-Syn containing a mixture of monomers, oligomers,
and protofibrils at a final concentration of 10 um to the culture
medium of the M17 cells. After 4 days, we assessed cell viability
using the PI exclusion method. Moderate but significant toxic-
ity was observed when M17 cells were treated with the crude
mixture of aggregated a-Syn, but no difference was observed
between WT and H50Q (Fig. 11C). Interestingly, analysis of the
uptake of SYTOX Green, a fluorescent vital dye, showed that
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primary hippocampal neurons exhibited a highly toxic reaction
after treatment with the crude mixture of WT or H50Q com-
pared with the Tris-treated neurons (Fig. 11D). Strikingly, the
treatment with H50Q crude mixture exhibited significantly
more neuronal toxicity than that with WT «a-Syn. Together,
these data show that aggregated forms of a-Syn and H50Q are
toxic in neuronal culture, and in the specified conditions, the
H50Q crude mixture is more toxic.

The H50Q Mutation Enhances a-Syn-induced Mitochondrial
Fragmentation—a-Syn overexpression can alter mitochondrial
morphology and functions in cell culture and iz vivo. This del-
eterious effect mediated by a-Syn seems to be enhanced by the
PD-linked mutation A53T and correlated with increased vul-
nerability of mammalian cell lines (42, 43). To determine
whether the H50Q mutation affects mitochondrial morphol-
ogy, we overexpressed WT or H50Q a-Syn or an empty vector
together with YFP-mito in mouse hippocampal primary neu-
rons. Cells were fixed, stained, and analyzed 48 h post-transfec-
tion by confocal microscopy. As a positive control, we treated
the hippocampal neurons with 1 um staurosporine for 2 h to
enhance mitochondrial fragmentation (44). YFP-mito staining
revealed the presence of smooth and filamentous mitochon-
drial network in the majority of the control cells transfected
with the empty vector. After staurosporine treatment, the
majority of the neurons exhibited dense, punctate mitochon-
drial fluorescence, reflecting mitochondrial fragmentation (44)
(Fig. 12, A and B). As expected, both WT and H50Q «-Syn
overexpression induced mitochondrial fragmentation in the
transfected neurons (Fig. 12, A and B). Interestingly, the quan-
tification of a-Syn-positive neurons with fragmented mito-
chondria revealed that H50Q-overexpressing cells had more
neurons with fragmented mitochondria compared with WT
a-Syn, suggesting that H50Q mutation could enhance mito-
chondrial dysfunction (Fig. 12C).

DISCUSSION

Studies using different in vitro and in vivo model systems
have shown that the PD-linked mutations A30P, E46K, A53T,
and G51D affect a-Syn aggregation and toxicity (7-9, 45—47).
To gain insight into the mechanisms by which the H50Q muta-
tion contributes to the pathogenesis of PD, we assessed the
effect of the His-50 — Gln substitution on «-Syn structure,
aggregation, phosphorylation, subcellular localization, secre-
tion, and toxicity.

Our CD spectroscopy and NMR analyses demonstrate that
the H50Q mutation does not change the gross structure of the
free or membrane-bound state of the protein. In addition,
a-Syn H50Q retains the long range intramolecular N- to C-ter-
minal contacts as reported previously for the WT protein (48 —
50). In comparison, the PD-associated mutations A30P and
A53T are reported to have either minor (50) or no (51) effects
on such contacts, whereas the E46K mutation enhances such
intramolecular interactions (51). The NMR analysis by Ghosh
et al. (52) revealed some chemical shift changes in the C-termi-
nal tail of @-Syn that were not seen in this study. These chemical
shift changes are likely a result of altered electrostatics in the
no-salt buffer used by Ghosh et al. (52) as opposed to the more
physiological salt concentration (100 mm NaCl) used here.
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FIGURE 9. The H50Q mutation does not affect a-Syn subcellular localization. Inmunocytochemistry in mouse hippocampal primary neurons (A) and
mammalian Hela cells (B) shows that WT «-Syn and the H50Q mutant exhibit similar cytoplasmic and membranous subcellular localization. Biochemical
subcellular fractionation showed that the two forms of a-Syn (WT and H50Q) are enriched in the cytosolic and membrane fractions (C), and the optical density
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GRP78 for the membrane fraction, and HSP90 and histone H1 for nuclear fractions). Error bars represent mean = S.D. Scale bars correspond to 10 wm.

The effects of the H50Q mutation on the structure of the
lipid-bound protein were assessed in the presence of spheroidal
micelles of SDS, a system often used to mimic the lipid-bound
state of a-Syn while avoiding the large, NMR-unfriendly size of
a protein-vesicle complex. Except for chemical shift perturba-
tions restricted around the mutation site, the HSQC spectra for
H50Q and WT «-Syn in the presence of SDS micelles are sim-
ilar. The secondary structure is also not perturbed by the muta-
tion, which is located near the N-terminal end of the second of
the two a-helices in the micelle-bound state of the protein (53).
The extended effect of the mutation on amide chemical shifts
may be due to the helical nature of the mutation region, which
allows the effect of the mutation on chemical shift to propagate
further than in a more extended, disordered conformation. It is
interesting to note that the chemical shift perturbation region
encompasses the N-terminal end of the C-terminal helix as well
as the linker region between the two helices. Together, these
data demonstrate that the H50Q mutation does not affect the
structure of free and membrane-bound a-Syn monomer.

Cu(II) (and other metals) binding to a-Syn has been exten-
sively studied (32, 48) and enhances a-Syn aggregation in vitro
(54). NMR studies of WT «-Syn binding to Cu(II) suggested
that His-50 forms a major binding site for Cu(II) ions (55).
Thus, we expected that the H50Q mutation would affect Cu(II)
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and possibly other metal binding by a-Syn. However, incuba-
tion of Cu(Il) with a-Syn H50Q led to localized resonance
broadening due to the high dipole moment of the unpaired
electrons of the Cu(Il) ions. As expected, no broadening was
seen near residue 50 due to the loss of the histidine coordina-
tion site. Otherwise, the pattern of broadening was similar to
that seen for the WT protein with other N- and C-terminal
binding sites (for metals such as Fe(III), Mn(II), and Zn(II))
preserved.

Our in vitro aggregation studies of WT and H50Q «-Syn over
the concentration range of 5-45 um revealed that the H50Q
mutation accelerates a-Syn oligomerization and fibrillization.
This effect is reflected by fact that the H50Q mutants exhibit (i)
higher fibril growth rate in a ThT binding assay (Fig. 3), (ii)
rapid loss of monomers and precipitation compared with WT
a-Syn in the sedimentation assay, and (iii) faster misfolding and
formation of oligomers and B-sheet-rich species compared
with WT a-Syn as shown by CD and AFM studies. These obser-
vations are consistent with a recent report by Ghosh et al. (52)
where they showed that H50Q mutation accelerates a-Syn
aggregation despite several important differences. Ghosh et al.
(52) used a single and much higher protein concentration (300
uM), whereas we showed that the effect of the H50Q mutation
persists even at much lower concentrations (5 M) that are
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FIGURE 10. The H50Q mutation enhances the secretion of a-Syn and a-Syn aggregation in differentiated SHSY5Y cells. A, differentiated SHSY5Y cells
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derived from these cells were analyzed by Western blotting. Similar a-Syn expression levels were obtained in Triton X-100- (left panel) and Triton-insoluble
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a-Syn in the Triton X-100-soluble fraction. C, sandwich ELISA of total a-Syn in CM showing a significant increase of H50Q compared with WT (t test; *, p < 0.05).
D, lactate dehydrogenase (LDH) assay showing no significant difference between the cytotoxicity of WT and H50Q. Error bars represent mean = S.D.

closer to intraneuronal a-Syn concentrations. The fact that we
obtained similar results despite performing aggregation exper-
iments under markedly different conditions (such as higher salt
concentration and higher agitation speed) compared with those
from Ghosh et al. (52) strengthens the conclusion that H50Q
enhances a-Syn fibrillization properties. Similarly to Ghosh et
al. (52), we confirmed H50Q a-Syn by EM and AFM; our in-
depth AFM analyses (using statistical dimensional examination
of oligomers and protofilaments) further showed that the
H50Q mutation increases oligomer formation and increases
the fibril polymerization rate.

To assess the effect of H50Q mutation on the cellular prop-
erties of a-Syn, we transiently overexpressed H50Q or WT
a-Syn in mammalian cells and compared the subcellular distri-
bution, secretion, and toxicity of the two proteins. In accor-
dance with our previous work, immunocytochemistry and bio-
chemical analysis in mammalian cell lines and primary culture
revealed that a-Syn exhibited both cytoplasmic and membra-
nous subcellular localization (22). These analyses revealed that
the H50Q mutant exhibits a subcellular localization similar to
that of WT «-Syn, which is expected given our observations
that the His-to-Gln substitution did not affect a-Syn structure
or its interaction with membranes in vitro (Figs. 1 and 2).

Both monomeric and aggregated forms of a-Syn are secreted
into cell culture medium (40, 56). Interestingly, we consistently
observed higher levels of the H50Q mutant compared with WT
a-Syn in the conditioned medium of cells overexpressing W'T
or H50Q. This increase in extracellular release could be
explained by the fact H50Q forms more B-sheet-rich aggre-
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gates than WT «-Syn. This hypothesis is supported by recent
studies showing that enhancing aggregation increases a-Syn
secretion (57).

To determine whether the H50Q mutation influences the
toxicity of a-Syn, we first transiently overexpressed this mutant
in mammalian cell lines. Our data show that neither H50Q nor
WT a-Syn induced cell loss. These data are in accordance with
previous work reporting that the overexpression of WT «-Syn
or its PD-linked mutant forms in mammalian cell lines does not
induce toxicity per se; however, it increases cell vulnerability to
various insults (e.g oxidative stress and dopamine toxicity)
(58 -60).

The increased release of H50Q «-Syn into the culture
medium suggested that the toxic properties of this mutant
might at least be partially mediated by its effect on a-Syn tox-
icity or spreading. Therefore, we compared the extracellular
toxicity of H50Q and WT a-Syn in mammalian cell lines and in
hippocampal neuron culture. Our results demonstrate that
both extracellular aggregated forms of WT and H50Q «-Syn
are toxic. Interestingly, exogenous H50Q «-Syn aggregates
exhibited more toxicity and induced significantly more cell loss
than WT a-Syn. These findings, combined with the increased
rate of H50Q secretion, suggest that the enhanced pathogenic-
ity of H50Q could be related to its enhanced oligomerization,
secretion, and extracellular toxicity.

The integrity of mitochondria and alterations in the equilib-
rium between mitochondrial fission and fusion have been
linked to the pathogenesis of several neurodegenerative disor-
ders, including PD (61, 62). In our study, the overexpression of
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of a-Syn recombinant protein (WT or H50Q) containing a mixture of monomers, oligomers, and protofibrils at a final concentration of 10 um. The cells were then
harvested and stained with the vital dye PI. Cell death was scored on the basis of cell population permeable to Pl as measured by FACS analysis. Shown is a
representative histogram of three independent experiments done in triplicate for each condition (n = 3). *, p < 0.01. An ANOVA test followed by a Tukey-
Kramer post hoc test was performed (Tris versus crude a-Syn WT or H50Q). D, primary hippocampal neurons were treated for 6 days with a crude preparation
of a-Syn recombinant protein (WT or H50Q) at a final concentration of 10 um. Cell death was scored on the basis of cell population permeable to the vital dye
SYTOX Green as measured by total fluorescence assessed by fluorescence plate reading. Shown is a representative histogram of three independent experi-
ments done in triplicate for each condition (n = 3). An ANOVA test followed by a Tukey-Kramer post hoc test was performed. **, p < 0.005 (crude WT versus
crude H50Q); ***, p < 0.00001 (Tris versus crude a-Syn WT or H50Q). Error bars in A-D represent means *+ S.D.
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FIGURE 12. Effect of the H50Q mutation on mitochondrial morphology. A
and B, low and high magnification confocal images illustrating the effect of
a-Syn overexpression on the mitochondrial morphology in hippocampal pri-
mary culture. Overexpression of WT and H50Q a-Syn along with YFP-mito in
primary mouse hippocampal neurons shows enhanced mitochondrial frag-
mentation. As a positive control, treatment with staurosporine (STS) (1 um) for
2 hiinduced an increase in the number of neurons that displayed mitochon-
drial fragmentation. DRAQ5® is a cell-permeable far-red fluorescent DNA dye
used to stain the nuclei. Scale bars, 5 um (A) and 2 um (B). C, quantification of
the a-Syn-positive neurons showing fragmented mitochondria demon-
strated that H50Q a-Syn overexpression induced more cells exhibiting mito-
chondrial fragmentation (n = 3). Error bars represent means = S.D. An ANOVA
test followed by a Tukey-Kramer post hoc test was performed. *, p < 0.005
(H50Q versus WT a-Syn).

human a-Syn induced mitochondrial fragmentation in mouse
hippocampal neuronal culture. Interestingly, overexpression of
the H50Q mutant form significantly increased the number of
cells exhibiting fragmented mitochondria, demonstrating that

21874 JOURNAL OF BIOLOGICAL CHEMISTRY

H50Q mutation may exacerbate mitochondrial dysfunction. A
similar effect was observed in neuronal cultures from mice
overexpressing another PD-linked mutation, A53T. Together,
these data show that the PD-linked mutation H50Q), similar to
A53T, exacerbates a-Syn-mediated mitochondrial dysfunc-
tions and suggest that common pathways could mediate the
pathogenicity of these mutations.

In conclusion, our results show that the novel PD-linked
H50Q mutant does not affect a-Syn structure, membrane
interactions, subcellular localization, or phosphorylation by
other kinases in vitro or in cell culture. However, substitution of
His-50 with GIn accelerates the conversion of a-Syn into
B-sheet-rich oligomers, alters the height distribution of the
protofilaments and fibrils, and increases a-Syn secretion and
extracellular toxicity. These results provide novel insight into
the mechanism by which this mutation may contribute to the
pathogenesis of PD. Further investigation is required to validate
these results and explore the effect of this mutation on a-Syn
aggregation, turnover, toxicity, and pathological spreading in in
vivo models of synucleinopathies.
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Note Added in Proof—While the present manuscript was under
review, an independent study reported that the H50Q mutation in
a-Syn, but not other mutations to H50, results in significant confor-
mational changes at the C terminus of the protein (Chi, Y. C., Arm-
strong, G. S., Jones, D. N,, Eisenmesser, E. Z., and Liu, C. W. (2014)
Residue histidine 50 plays a key role in protecting a-synuclein from
aggregation at physiological pH. J Biol Chem. 289, 15474 —15481).
These results are in contrast to our work here, where no C-terminal
effects of H50Q are detected, and that of Ghosh et. al. (discussed
above), who report only very subtle effects. The contrasting results
could potentially be explained by metal ion contamination, as this
can cause significant spectral changes for the C-terminal region of
a-Syn. Chiet. al. also report that the H50Q mutation increases a-Syn
aggregation rates in vitro, consistent with our own data described
here.
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